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Control of the urine.blood Pco2 gradient in alkaline urine. To
examine the mechanism for the urine-blood Pco2 gradient in al-
kaline urine (U-B Pco2), we reevaluated the relationship between
U-B Pco2 and the urinary bicarbonate concentration (UHCO,-)
during alkali infusion in dogs and rabbits. The results reported in
this paper confirm that there is a linear relationship between the
U-B Pco2 and the UHCO,- in the dog, but demonstrate that a simi-
lar relationship does not occur in the rabbit. These observations
in the rabbits cast doubt on the ampholyte hypothesis as an ade-
quate explanation for the U-B Pc02/UHCO,- relationship, because
this physicochemical mechanism should produce an invariable
elevation of the U-B Pco2 at high urinary bicarbonate concentra-
tions. Therefore, we reevaluated the theoretical basis for this hy-
pothesis. We conclude that for the ampholytic effect of bicarbon-
ate to be responsible for the observed relationship between the
U-B Pco2 and UHc0,-, bicarbonate ions would have to be se-
creted into distal nephron tubular fluid that either had no buf-
fering capacity or had a pH half-way between the pK's of the
bicarbonate buffer system. Available evidence, however, sug-
gests that urinary bicarbonate is primarily derived from filtered
bicarbonate that escapes reabsorption and is concentrated by a
fractional reabsorption of water exceeding that of bicarbonate.
Therefore, other explanations for the observed linear relation-
ships between the U-B Pco2 and UHCO,- were sought. The most
plausible alternatives are stimulation of hydrogen ion secretion
by the luminal bicarbonate concentration and the production of a
disequilibrium pH by the concentration of bicarbonate and back-
diffusion of carbon dioxide.
Contrôle du gradient de Pco2 urine sang en urine alcaline. Afin
d'étudier le mécanisme de contrôle du gradient de Pco2 urine-
sang en urine alcaline (U-B Pco2), nous avons évalué a nouveau
Ia relation entre U-B Pco2 et Ia concentration de bicarbonate un-
naire (UHcO,-) au cours de Ia perfusion d'alcalin chez des chiens
et des lapins. Les résultats rapportés ici confirment qu'il y a une
relation Iinéaire entre U-B Pco2 et UHCo,- chez le chien, mais
démontre que cette relation n'apparait pas chez le lapin. Ces ob-
servations, faites chez le lapin, mettent en cause l'hypothèse de
l'ampholyte comme explication de Ia relation U-B PC02/UHCO,-
puisque ce mécanisme physico-chimique produit invariablement
une augmentation de U-B Pco2 aux hautes concentrations un-
naires de bicarbonate. Nous avons donc Cvalué a nouveau les
bases thCoriques de cette hypothèse. Nous concluons que si
l'effet ampholyte du bicarbonate devait étre responsable de Ia
relation observée entre U-B Pco2 et U03-, il faudrait que les
ions bicarbonates soient sécrétés dans le Iluide tubulaire du
néphron distal qui devrait soit ne pas avoir de capacité tampon,
ou bien être a un pH intermédiaire entre les pK du système tam-
pon bicarbonate. Les preuves disponibles, cependant, suggèrent
que le bicarbonate urinaire provient essentiellement du bicarbo-
nate filtré qui échappe a Ia reabsorption et qu'il est concentré
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par une reabsorption fractionnelle de l'eau en excès par rapport
a celle du bicarbonate. D'autres explications de Ia relation lin-
éaire observée entre U-B Pco2 et UHCO,- ont donc etC recher-
chées. Les alternatives les plus plausibles sont Ia stimulation de
Ia sécrétion d'ions hydrogène par Ia concentration luminale de
bicarbonate et Ia production d'un pH de dCséquilibre par la con-
centration de bicarbonate et Ia diffusion retrograde du gaz carbo-
nique.
The mechanism by which the Pco2 in alkaline
urine is elevated above that of the arterial blood has
been a matter of interest for many years. Pitts and
Lotspeich suggested that the elevated urinary Pco2
resulted from distal nephron hydrogen ion secretion
causing a rise in carbonic acid concentration and its
delayed dehydration in the lower urinary tract [1].
This concept received support from the observation
of Ochwadt and Pitts that the intravenous infusion
of carbonic anhydrase reduced the urine Pco2 to
levels equal to that of arterial blood [2]. Alternative
hypotheses to account for the elevated Pco2 of alka-
line urine that have been considered, include the
mixing hypothesis [3], an elevation of the medullary
Pco2 by renal countercurrent system [4], the pro-
duction of a disequilibrium in the carbonic acid and
carbon dioxide reaction by water abstraction due to
the concentrating process [5], and the production of
localized carbon dioxide gradients [6].
Critical reviews of the various possible mecha-
nisms responsible for the elevated Pco2 in alkaline
urine were undertaken by Rector in 1973 and by our
group in 1974 [7, 8]. We concluded, as did Rector,
that the original proposal of Pitts and Lotspeich of
delayed dehydration of carbonic acid produced as a
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result of distal nephron hydrogen ion secretion was
the most likely explanation for the high urine Pco2
values in alkaline urine. Furthermore, we pointed
out that if the Pitts and Lotspeich concept is valid,
the urine-blood Pco2 gradient (U-B Pco2) in alkaline
urine would be a useful qualitative index of the dis-
tal hydrogen ion secretion [8]. Since that time,
many investigators have used the U-B Pco2 for this
purpose.
Recently, Steinmetz, A1-Awqati, and Lawton,
and Arruda et al have observed that the U-B Pco2 in
alkaline urine is a linear function of the urinary bi-
carbonate concentration [9-Il]. Based on these ob-
servations, Arruda et al [11] adapted the original
suggestion of Maren [12, 13] that the urinary Pco2
could be elevated by the addition of bicarbonate to
an aqueous solution, and proposed that a large com-
ponent of the U-B Pco2 was the result of the ele-
vated bicarbonate concentration induced by water
abstraction. To reassess this problem, we have ex-
amined the relationship of the U-B Pco2 and urine
bicarbonate concentration under a variety of exper-
imental conditions that we felt might clarify the un-
derlying mechanism responsible for the elevation of
the U-B Pco2 in alkaline urine.
Methods
Studies were performed in both dogs and rabbits.
In the dog studies, animals of either sex, each
weighing 9 to 28 kg, were used. Anesthesia sodium
pentobarbital was given i.v., 32 mg/kg body wt,
with additional doses given as needed, to anesthe-
tize the animals. All animals were intubated with an
endotracheal tube, and their respiration was sup-
ported by a Harvard large-animal respirator (Har-
vard Apparatus Co. Inc., Dover, Massachusetts).
The Pco2 was maintained between 35 and 45mm Hg
by varying the frequency of respiration. In the rab-
bit studies, male rabbits (3 kg) were obtained from
Reimans Fur Ranches, Ltd., St. Agatha, Ontario,
and were premedicated i.m. with chiorpromazine
(2.5%, 1 mllkg) at least 15 mm prior to the i.v. ad-
ministration of Nembutal (6%), 0.25 mllkg, via the
ear vein. Cannulation procedures, measurements of
GFR, and analytic methods in the dog studies [16]
and in the rabbit studies [15] have been published
previously.
In all the dog studies, 0.7 M sodium bicarbonate
was used to raise the serum bicarbonate concentra-
tion above the renal threshold and to maintain the
serum bicarbonate concentration between 30 and 36
mmoles/liter. After the serum bicarbonate concen-
tration had been stable in this range for at least 30
mm, the experimental protocol was begun. In six
dogs, ten 15-mm collections were made during the
course of the bicarbonate infusion. In three other
experimental groups of five dogs each, either 0.1
M sodium phosphate (pH, 7.4), 0.1 M sodium
sulfate, or 0.3 M Tris-hydroxymethyl aminomethane
(THAM) was administered during the course of the
bicarbonate infusion. In those studies, four control
periods were collected, the infusate was begun at a
rate of 4 mI/mm, and an additional four to six exper-
imental periods were obtained. In the rabbit stud-
ies, either 0.15 M (8 animals) or 0.9 M (12 animals)
sodium bicarbonate was infused at a rate sufficient
to insure a urine pH of 7.8 or greater. Urine was
collected from intraureteral catheters at 10- to 30-
mm intervals.
Nonbicarbonate buffer capacity (B) was mea-
sured on an automatic titrator equipped with a re-
corder (Radiometer, model TTT 60, ABU 12, REC
61). A quantity of acid sufficient to lower the pH of
each urine specimen to below 2.7 was added and the
specimen agitated for 15 to 30 mm to facilitate car-
bon dioxide loss. A titration curve from 2.7 to 8.5
was obtained on each of the bicarbonate-free speci-
mens. The nonbicarbonate buffer capacity was cal-
culated from the pH 7.7 to 8.3 portion of the titra-
tion curve and expressed as alkali added per unit of
pH change [16]. Because the titration curves were
relatively linear between the pH of 5 and 8.5, how-
ever, the arbitrary choice of another pH range with-
in these limits to calculate the nonbicarbonate buf-
fer capacity would not have affected the value of B
significantly.
Statistical analyses of the data were performed
with a standard bivariate correlation technique on
the CLINFO Computer at Baylor College of Medi-
cine. A comparison of the slopes of the different re-
gression equation was performed by analysis of co-
variance as described by Snedecor and Cochran
[17].
Results
Bicarbonate-loading studies: (a) Dogs. Our re-
sults confirm the observation that the U-B Pco2 in
bicarbonate-loaded dogs is a linear function of the
urine bicarbonate concentration at urine bicarbon-
ate concentrations between 150 and 350 mmoles/lit-
er [10]. The individual data points for the U-B Pco2
plotted as a function of the urinary bicarbonate con-
centration in bicarbonate-loaded dogs are shown in
Urine-blood Pco2 in alkaline urine 33
U-B Pco, 5.3 + 0.187 HCO
L.
I I I
100 150 200 250 300 350 400
Urinary bicarbonate. mM
Fig. 1. Changes in the U-B PCO2 plotted as a function of the
urinary bicarbonate concentration in bicarbonate-loaded dogs.
There is a significant linear correlation (r = 0.864) between the
U-B Pco2 and the urinary bicarbonate at values of urinary bi-
carbonate tetween 125 and 350 ms.
Fig. 1. The regression equation for the U-B Pco2I
urinary bicarbonate relationship was
U-B Pco2 = 0.187 HCO3- + 5.3
The correlation coefficient for the regression equa-
tion was 0.864 (P <0.01).
(b) Rabbits. During bicarbonate loading in the
rabbit, the U-B Pco2 ranged from —8 to 19 mm Hg,
with a mean value of 4.5 0.63, and the regression
of U-B Pco2 on urinary bicarbonate produced a line
with a very flat slope:
U-B Pco2 = 0.053 HCO3- — 2.92
The slope of this equation was significantly dif-
ferent from that obtained in dogs (P < 0.01). The
individual data points for the U-B Pco2 plotted as a
function of the UH('03- for the rabbit studies are
shown in Fig. 2.
Nonreabsorbable anion and buffer infusion stud-
ies. The results of bicarbonate infusion studies in
dogs in which either phosphate, sulfate, or THAM
was also infused are shown in Fig. 3 (phosphate),
Fig. 4 (sulfate), and Fig. 5 (THAM). The regression
equations for the studies are shown in Table 1. It
is apparent that all infusates caused a marked re-
duction in the correlation between U-B Pco2 and
UHCO3.
Nonbicarbonate buffer concentrations in dogs.
The nonbicarbonate buffer concentrations (B) dur-
ing bicarbonate infusion averaged 4.98 0.24 mEq/
liter/pH unit and ranged between 2.87 and 11.3. In
the phosphate studies, B was 5.24 2.8 mEq/liter/
pH unit during the control periods and declined to
5.03 0.35 during phosphate infusion (P < 0.01).
During THAM administration, however, B in-
creasedfrom 6.25 0.67to 31.9 2.4mEq/liter/pH
unit (P < 0.001) and declined from 10.7 1.2 to
7.36 0.48 mEq/liter/pH unit during sulfate in-
fusion (P <0.01).
These results demonstrate that significant quan-
tities of nonbicarbonate buffer are always present
during bicarbonate-loading studies as performed in
our laboratories. Furthermore, using the formula
we can calculate that the disequilibrium pH values
required to produce the observed U-B Pco2's varied
between 0.04 and 0.63 pH units. (This calculation
requires the assumption that the U-B Pco2 is pro-
duced as a consequence of the postpapillary dehy-
dration of carbonic acid, and that all of the carbon
dioxide formed in this manner occurs as a result of
the release of hydrogen ion from buffers during the
postpapillary rise in urine pH. Thus, the dis-
equilibrium pH is assumed to be equal to the pH
rise necessary to release sufficient hydrogen ions to
produce the observed U-B Pco2.) These values are
well within the range observed by Rector, Carter
and Seldin and Malnic and Giebisch in rats [18, 19].
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Fig. 2. Changes in the U-B Pco2 plotted as afunction of the urine
bicarbonate concentration in bicarbonate-loaded rabbits. The
correlation between U-B Pco2 and UHCO was less than it was in
dog (r = 0.344 vs 0,864), and the U-B Pco2 was much lower in
the rabbit than it was in the dog at UHCO of 200 to 250 mrvi.
disequilibrium pH =
U-B Pco2 X 0.0309
B
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Fig. 3. U-B Pco2 plotted as a function of urinar,v bicarbonate
concentration in bicarbonate-loaded dogs receiving an infusion
of 0.1 M sodium phosphate (pH, 7.4) at a rate of 400 p.moleslmin.
The linear regression and confidence limits for the control dogs
(Fig. I) are shown for comparison. It can be appreciated that the
U-B Pco2 is significantly higher than the control values at bi-
carbonate concentrations of less than 200 msi.
Discussion
The results presented in this paper confirm the
observation of Arruda et al [10, II] that the U-B
Pco2 has a direct linear relationship with the urinary
bicarbonate concentration in the dog. This relation-
ship is not an obligatory consequence of the delayed
dehydration hypothesis as proposed by Pitts and
150 200 250 300 350 400
Urinary bicarbonate, mM
Fig. 5. U-B Pco2 and urinary bicarbonate values during 0.3 M
THAM 'pH, 7.4) infusionat a rate of 400 p.moleslmin. The linear
regression and confidence band of the control dogs are shown for
comparison. It is apparent that the U-B Pco2 is considerably
higher at all values for urinary bicarbonate in the THAM-infused
animals.
Lotspeich [1]. According to their concept, hydro-
gen ions, secreted into alkaline urine, lead to the
formation of carbonic acid at a rate faster than it can
undergo spontaneous dehydration. When the tubu-
lar fluid passes into the renal pelvis, the dehydration
of carbonic acid proceeds until the equilibrium con-
centration is reached. The reduction in the carbonic
acid concentration causes a postpapillary rise in the
urine pH, resulting in a release of hydrogen ions
from buffers, and formation of additional carbonic
acid and thereby carbon dioxide. Accordingly, the
U-B Pco2 in alkaline urine should be determined
primarily by the distal hydrogen ion secretory rate,
because the quantity of bicarbonate available to re-
act with hydrogen ions secreted into the tubular
urine is orders of magnitude greater than the net hy-
drogen ion secretory rate. Thus, the observation
that the U-B Pco2 is a linear function of the urinary
bicarbonate concentration over the range of 100 to
350 m requires additional explanation.
Maren first suggested that the equilibrium Pco2 of
alkaline urine might be determined by the urinary
bicarbonate concentration as a result of the ampho-
lytic properties of bicarbonate [12]. Subsequently,
Arruda et al noted that dogs infused with bicarbon-
ate exhibited a urinary PCO2-UH(.O3 relationship
similar to that predicted by the ampholyte hypothe-
sis and suggested that this phenomenon was a major
factor in the production of high Pco2 values in alka-
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Fig. 4. U-B Pco2 and urinary bicarbonate values during 0. / si
sodium sulfate infusion at a rate of 400 p.moleslmin. The linear
regression and confidence limits for the control dogs are shown
for comparison. Again the U-B Pco2 is higher at any given bi-
carbonate concentration (< 200 mM) in sulfate-infused dogs.
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Table 1. Regression equations for nonreabsorbable anion and buffer infusion studies
Infusate U-B Pco2
U-B Pco2 correlation coefficients
HC03 U/P Inulin
HC03
HC03
HC03
HC03
÷ P04
+ SO4
+ THAM
0.187 HC03
0.029HC03
0.045 HC03
0.049HC03
÷ 5.40
+ 50.8
÷ 44.8
+ 59.3
0.864a
0.226
0.363
0.127
0.390
0.186
0.069
—0.307
ap < 0.01.
line urine [11]. According to this hypothesis, the
urinary Pco2 should always be elevated to a predict-
able degree in alkaline urine. Because our results in
rabbits demonstrated that the urinary Pco2 did not
rise as predicted despite urine bicarbonate concen-
trations as high as 250 m, we have reconsidered
the theoretical basis for the ampholyte hypothesis.
This analysis is presented in detail in the appendix.
Our analysis supports the concept of Maren and
Arruda et al that the in vitro addition of crystalline
sodium bicarbonate to an aqueous solution should
result in a Pco2 that is a linear function of the bi-
carbonate concentration [11—13]. We disagree,
however, as to the relevance of this physicochemi-
cal phenomenon to the high Pco2 in alkaline urine.
Available evidence suggests that bicarbonate enters
the individual nephrons by the process of glomeru-
lar filtration and that the quantity of bicarbonate in
the urine represents that portion of the filtered bi-
carbonate that escapes reabsorption [20, 21]. Be-
cause the carbon dioxide/bicarbonate/carbonate
buffer system is in equilibrium in the plasma, it is
reasonable to assume that a similar situation exists
in the glomerular filtrate. During bicarbonate load-
ing, the tubular fluid bicarbonate concentration ris-
es because the fractional reabsorption of water ex-
ceeds that of bicarbonate and hence the concentra-
tions of carbon dioxide, bicarbonate, and carbonate
all rise proportionately. However, for the ampho-
lytic effect to generate carbon dioxide from bicarbo-
nate and account for the linear relationship between
the urine Pco2 and bicarbonate concentration, there
must be an initial excess of bicarbonate relative to
that of the other components so that 2 HC03 —
CO2 + CO3 (see Appendix for details). As stated
above, water abstraction will elevate the concentra-
tion of all three components proportionately, and
the relative concentration of each ionic species to
the other would not change so carbon dioxide will
not be generated as the bicarbonate concentration
rises. Therefore, we do not believe that the ampho-
lytic effect is a plausible explanation for the ob-
served correlation between the urinary Pco2 and bi-
carbonate ion concentration if bicarbonate is fil-
tered and concentrated in the urine by a process of
water abstraction.
The secretion of bicarbonate ions into the tubular
fluid will satisfy the requirements for the ampholyt-
ic effect and should produce the relationship be-
tween the U-B Pco2 and urinary bicarbonate con-
centration described in Section 1 of the appendix.
Bicarbonate secretion has been observed in isolated
perfused cortical collecting tubules of rabbits [22,
23], but the relative contribution of bicarbonate se-
cretion to final urinary bicarbonate is not known.
For this process to be a significant factor in the de-
termination of the urinary Pco2, most of the urinary
bicarbonate would have to enter the collecting duct
by the secretory mechanism. This seems unlikely in
view of the micropuncture studies demonstrating
that the quantity of bicarbonate in the distal tubule
exceeds the quantity in the urine (calculated from
data in Table 6 of Ref. 21). Furthermore, the urinary
Pco2 does not rise during the course of the bicar-
bonate infusion in the rabbit, the only animal in
which bicarbonate secretion has been demon-
strated.
Because we consider it unlikely that bicarbonate
secretion is responsible for a significant portion of
the urinary bicarbonate, we seriously doubt that the
ampholyte effect is responsible for the observed
correlation between the urinary Pco2 and bicarbon-
ate. As previously noted, the results of our bicar-
bonate infusion studies in the rabbit demonstrating
that rabbits cannot elevate their urine Pco2 signifi-
cantly above the level of arterial blood despite uri-
nary bicarbonate concentrations of as high as 250
m offer experimental support for the theoretical
objections to the ampholyte hypothesis. Figure 6
shows the urine Pco2 plotted as a function of the
urinary bicarbonate concentration in the rabbit
(closed circles) as compared with the dog (open cir-
cles). The solid line represents the measured values
obtained by mixing increasing quantities of crystal-
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line sodium bicarbonate with water. It is apparent
that the dogs exhibit higher urinary Pco2 values
than the rabbits do at all concentrations of urinary
bicarbonate. Furthermore, at urinary bicarbonate
concentrations of greater than 150 mrvi, the urinary
Pco2 values of the rabbits are considerably lower
than those predicted by the in vitro experiments.
We have concluded that the most likely cause of
the failure of the U-B Pco2 to rise in the rabbit is a
distal defect in hydrogen ion secretion [15]. An al-
ternative explanation might be that the lower uri-
nary tract of the rabbit is permeable to carbon diox-
ide and that the carbon dioxide equilibrates with ar-
terial blood after leaving the collecting duct. We
consider this unlikely for the following reasons: (1)
The specimens in our rabbit were collected by cath-
eters inserted into the upper ureter, and it is doubt-
ful that sufficient time elapsed between the exit of
the urine from the collecting duct and its arrival in
the proximal ureter to allow equilibration with arte-
rial blood. (2) The surface arealvolume relationship
in the lower urinary tract makes it improbable that
complete equilibration would take place, even if the
mucosa of these structures presented no diffusion
barrier. (3) We have shown that the U-B Pco2 rises
significantly in the rabbit following potassium bi-
carbonate administration, thus establishing that
equilibration of the urine and arterial blood does not
take place in this circumstance [15]. In any event,
regardless of the reasons for the low U-B Pco2 in
alkaline urine of the rabbit, our results clearly es-
tablish that in this species, the urine Pco2 is not de-
termined by the ampholytic effect of bicarbonate,
but rather by physiologic events.
If the linear relationship between the U-B Pco2
and bicarbonate concentration is not due to the am-
pholytic effect, why does it occur? Two possibilities
come to mind. The first, and in our judgment, the
most plausible explanation, is that high concentra-
tions of luminal bicarbonate stimulate hydrogen ion
secretion. Alternatively, the suggestion of Reid and
Hills that the concentration of the components of
the bicarbonate buffer system by the countercurrent
mechanism with the simultaneous back diffusion of
carbon dioxide could produce a disequilibrium pH
and ultimately elevate the U-B Pco2 is a distinct
possibility [5].
With reference to the stimulation of hydrogen ion
secretion by luminal bicarbonate, the micro-
puncture data of Malnic, Mello Aires, and Giebisch
[21] show an increase in the hydrogen ion secretion
in the distal tubule following both bicarbonate in-
fusion and acetazolamide administration. Further-
more, Malnic and Giebisch have demonstrated by
"in situ" microperfusion studies, that both the
proximal and distal hydrogen ion secretory rates are
augmented at higher concentrations of luminal bi-
carbonate [24]. Similarly, Giebisch et al [25] have
shown that the rate of distal hydrogen ion secretion
is also a direct linear function of the luminal phos-
phate concentration. These studies clearly establish
that distal hydrogen ion secretion can be stimulated
by either buffers and/or nonreabsorbable anions.
The Reid and Hill hypothesis is as follows: Dur-
ing the concentrating process, the urinary bicarbo-
nate and carbonic acid concentrations are elevated
progressively, but the carbon dioxide concentration
does not rise because of rapid equilibration of col-
lecting duct carbon dioxide with the medullary car-
bon dioxide [5]. This process results in a dis-
equilibrium pH and a postpapillary rise in the U-B
Pco2 in a manner similar to that proposed by Pitts
and Lotspeich [1]. (The difference is that the
disequilibrium pH is a result of hydrogen ion secre-
tion in the Pitts and Lotspeich formulation). Al-
though we cannot completely rule out the Reid and
Hill hypothesis, we consider it unlikely. In the Reid
and Hill system, the disequilibrium pH (and the U-
B Pco2) should be primarily a function of the degree
of urinary concentration rather than urinary bi-
carbonate. Our data show that the urinary bicarbo-
nate correlated much better with U-B Pco2 than did
the urine-to-plasma inulin ratio (0.854 vs 0.390).
The results of the various infusion studies add fur-
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Fig. 6. The urine Pco2 values are plotted as a function of the
bicarbonate concentration in dogs (open circles) and rabbits
(closed circles). The solid lines represents Pco2 values obtained
by mixing differing quantities of crystalline sodium bicarbonate
and water at 370 C. The solutions were prepared in volumetric
flasks and stoppered to prevent carbon dioxide loss. It can be
seen that dogs exhibit higher urine Pco2 values than do rabbits at
all concentrations of urine bicarbonate. Furthermore, at urinary
bicarbonate concentrations of over 150 m, the Pco2 values for
the rabbit are considerably lower than are those obtained by mix-
ing sodium bicarbonate and water.
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[WI [Co-i = 10022[HCO3-]
[H]2 [C03j
= 10—16.55[Cod
ther support to the argument. During THAM in- Because the carbon dioxide and carbonate concentrations in this
fusion, U-B Pco2 rose whereas the urine-to-plasma special situation can only rise as a result of their formation frombicarbonate ions, their concentrations must always be equal, Ainulin ratio declined, resulting in a negative correla- quantitative assessment of the relationship of carbon dioxide to
tion between the U-B Pco2 and the urine-to-plasma bicarbonate can be developed by combining Equations 2 and 3:
inulin (r =
—0.307). Similarly, in the sulfate and
phosphate studies, the correlation between U-B (5)
Pco2 and the urine-to-plasma inulin ratio dis-
appeared almost entirely (r = 0.069 and 0.186, re- Because the carbonate and carbon dioxide must be equal, they
spectively). Although these results do not exclude may be cancelled. (The equality of the carbon dioxide and car-
an effect produced by the Reid and Hill mechanism, bonate concentrations pertains only in the specialized situation
they do suggest that the stimulation of hydrogen ion where crystalline sodium bicarbonate is added to an aqueous so-
lution, or where individual bicarbonate ions [or sodium bicarbo-
secretion by bicarbonate is more likely or that it S
nate molecules] are secreted into tubular fluid at pH 8.27.)
the predominant mechanism, if both processes are
operative. [H'-]2 = l0655 and [H] = l0827 (6)
In summary, we have confirmed the observation Therefore, the pH will always be constant and equal to 8.27, re-
of Arruda et al [10, 11] in dogs, that the U-B Pco2 in gardless of the bicarbonate concentration. This allows us to de-
alkaline urine is a linear function of the urinary bi- velop the relationship between carbon dioxide and bicarbonate
carbonate concentration. Furthermore, we have from Equation 2. Because the hydrogen ion concentration isfixed at 10827, we can substitute this value into the equation
shown, from theoretical considerations and with the
data from the rabbit, that this relationship is not [W] [HCO3i = 10_633
likely to be a result of the ampholytic effect of bi- [Cod
carbonate. We suggest instead, that the direct linear [10-8.27] [Hco3-] = 10-6.33 (7)relationship between the U-B Pco2 and the urinary giving [codbicarbonate concentration is most likely the result
of augmented distal hydrogen ion secretion. or [HCO3*. l0'- = 87.1 and[Cod
Appendix [Cod = .0115 [HC03] (8)
A. Consideration of the theoretical basis for the ampholyte
effect. To evaluate the ampholyte hypothesis, one must consider because [COd = 0.0309 Pco2 (9)
the chemical equilibria of the bicarbonate buffer system. The
three interrelated reactions are: Pco2 = 0.37 [HC03] (JO)
B. Consideration of the method of raising the urine bicarbo-
nate concentration 'in vivo." The urine bicarbonate concentra-(1) (2) (3) tion is elevated in alkaline urine primarily as a result of a larger
CO2 + H20 6 H2C03 W + HC03 H' + C03 (1) fractional reabsorption of water than bicarbonate. Thus, the
question arises, will raising the urinary bicarbonate concentra-
ton by water abstraction result in the U-B Pco2IU,,- relation-
When the system is at equilibrium, the concentration of each ship predicted by the ampholyte hypothesis? Consider, the
species is a function of the identical rates of the three opposing glomerular filtrate as a reasonable starting point. The bicar-
reactions, that is, V1a = V1b, V2a = V2b, V3a = V3b. The ratios bonate is 25 mEq/liter, the Pco2 is 40 mm Hg, and the hydrogen
of the concentrations of the different species that can be calcu- ion concentration is 40 nEq/liter. With the simplified kinetic rela-
lated from their respective dissociation constants are as follows tionship of Kassirer and Bleich [29], [H'-] = [Pco2] x (25) ÷
[26-28]: (HC03], then the glomerular filtrate would contain the follow-
ing: by substitution 40 = 40 x (25) 25. If we were now to[H'-] [HC03] = 10—6.33 (2) abstract 50% of the water, then each of the constituents would[Cod double. Again, by substitution, the expression would be 80 = 80
x (25) ÷ 50. It is obvious that the system is not now in equilib-
and
rium. The concentrations of hydrogen ions and bicarbonate are
in excess of their equilibrium values and therefore hydrogen
(3) ions and bicarbonate will be converted to carbon dioxide. Be-
cause the concentration of hydrogen ions is almost l06 that of
The addition of crystalline sodium bicarbonate to an aqueous so- bicrbonate, virtually all the excess in hydrogen ions (40 nmoles/
lution results in an initial concentration of bicarbonate which is liter) would be converted to carbon dioxide (40 nmoles carbon
in excess of its equilibrium concentration with respect to both dioxide). In quantitative terms, both the rise in carbon dioxide
carbon dioxide and carbonate. This leads to the formulation of and fall in bicarbonate, which occur, would be so trivial relative
carbonate and carbon dioxide by the following reactions to their initial (millimolar) concentrations and can be ignored.
Accordingly, at equilibrium, the values for hydrogen ions, bi-
HC03 —* W + C03 carbonate, and Pco2 would now be 40, 50, and 80. Carrying this
analysis further, we can construct the equilibrium values shown
HCO3 — H2C03— CO2 + H20 (4) in Appendix Table 1.
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Appendix Table 1. Equilibrium values for hydrogen ions,
bicarbonate, and Pco2.
Bicarbonate
mEq/liter
Pco2
mm Hg
Hydrogen ions
nEqiliter
25 40 40
50 80 40
100 160 40
200 320 40
400 640 40
This foregoing analysis assumes a closed system, that is, a mem-
brane completely impermeable to hydrogen ions, bicarbonate,
and carbon dioxide. If the membrane were completely permeable
to carbon dioxide and the mean peritubular Pco2 value was 65
mm Hg as observed by DuBose et al [30], the values shown in
Appendix Table 2 would apply.
Appendix Table 2. Closed system values for bicarbonate, Pco2,
andhydrogen ions
Bicarbonate
mEq/liter
Pco2
mm Hg
Hydrogen ions
nEqlliter
25 65 65
5 65 32.5
100 65 16.3
200 65 8.2
400 65 4.1
Thus, at both extremes of tubular permeability to carbon diox-
ide, water abstraction will not give the same U-B Pc02/UHco,—
relationship as adding bicarbonate to water.
C. Consideration of the effect obtained by the addition of a
concentrated solution of bicarbonate to water. A central point
in our criticism of the ampholyte hypothesis is that the ampho-
lyte effect can be obtained by the addition of crystalline sodium
bicarbonate to water, but not by adding a concentrated solution
ofbicarbonate to water. According to the calculations in the text,
the addition of 200 mmoles ofcrystalline sodium bicarbonate to
water should produce a Pco2 of74mm Hg,avalue similar to that
obtained by the actual preparation of the solution (75 mm Hg).
A concentrated solution of bicarbonate, however, can have a
wide variety of carbon dioxide concentrations, depending on
how the solution is prepared. Consider a solution of 200 mM
sodium bicarbonate with a Pco2 of 320 mm Hg (prepared by
equilibratinga 200 m solution of sodium bicarbonate with 45%
carbon dioxide gas). This solution is at equilibrium and has a
pH of approximately 7.4, If we dilute this solution with an equal
volume of water, we produce a solution containing 100 m or
bicarbonate, a Pco2 of a 160 mm Hg, and the pH of7.4—values
very different from those obtained by mixing crystalline sodium
bicarbonate and water. Furthermore, the values result from the
dilution of the concentrated solution and not from the ampholyte
effect. Only by diluting a solution containing 400 m bicarbonate
and a Pco2 of 148 mm Hg, can the values predicted by the
ampholytehypothesis (and produced by mixing crystalline so-
dium bicarbonate with water) be obtained. Any other combina-
tion of values for bicarbonate and Pco2 (all of which are in
equilibrium) will give different results.
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